Although treating molten alloy with high shear processing (HSP) can dramatically refine the microstructure of solidified aluminium alloys, it was also recently employed as part of an effective route to purification of contaminated aluminium alloy scrap. The key mechanisms of HSP include the dispersion of large aluminium oxide films and clusters into very fine oxide particles by the high shear rate, and the redistribution of bulk melt by the agitation.
Introduction
Treating liquid metal with high shear processing (HSP) has been found to have significant influence on the properties of solidified aluminium alloys and magnesium alloys. As reviewed by Fan and co-workers [1, 2] , shearing the molten alloy in the liquid state using a rotor-stator mixer can dramatically refine the microstructure of direct chill (DC) cast aluminium alloys. Specifically, the HSP process can produce very fine equiaxed dendrites in the cast alloy [3] without using grain refiners. The high shear rate generated by the closed coupled rotor-stator mixer effectively fragments large aluminium oxide films and clusters into fine individual particles [4] . In high grade aluminium alloys, in which the content of iron and manganese is relatively low, the oxide particles were found to have very low lattice misfit with the α-Al phase on close packed crystallographic planes [5] . On cooling liquid aluminium alloys that have a relatively high level of iron (e.g. 1 wt% or higher), the ironbearing intermetallics normally precipitate before the appearance of -Al phase [6] . The lattice misfit between the aluminium oxide and iron bearing intermetallics was also found to be very low [7] . Therefore, the fine oxide particles act as potent nucleation sites for both the intermetallic and α-Al phases [8, 9] , during the solidification of aluminium alloys, and hence refine the microstructure of corresponding cast samples. Haghayeghi and Nastac have also reported [10] that shearing of a molten aluminium alloy prior to solidification resulted in a finer equiaxed grain size.
Besides the influence on microstructure refinement, it has recently been realized that HSP has great potential in purifying contaminated aluminium alloys. Iron is a very common and usually detrimental impurity in recycled aluminium alloys. An excessive level of iron can dramatically reduce the mechanical properties of the cast products. Due to the related thermodynamic features of such alloys [6, 8] , iron-bearing intermetallics (e.g. α AlFeMnSi) can effectively collect the iron component from molten scrap alloy while the primary α-Al solid solution phase is not yet formed [11] . Because the solid intermetallics are denser than the rest of the molten alloy, they can be separated from the bulk material by using a sedimentation technique, and hence the level of iron in the treated material is decreased. Such physical conditioning of the molten alloy using HSP is being used as the major technique in research on alloy purification, whereby the authors are trying to manufacture high performance aluminium alloys by processing contaminated recycled aluminium scrap.
With the purpose of purifying the contaminated material, the key factor of HSP is the shear of molten metal by the rotor-stator mixer. The nucleation of iron-bearing intermetallics or primary α-Al phase is only effective when there is large number of available potent nucleation sites present. As presented in previous work [12] , the shear rate was found to have a dominant influence on the breakage of oxide clusters during HSP. In order to systematically understand the influence of HSP process parameters on the resultant size of oxides, the flow features of the liquid metal (including particularly the shear rate and flow rate of melt) during the HSP with rotor-stator mixer have to be characterised.
Although there are a variety of experimental methods that are capable of measuring the features of fluid flow, such as Laser Doppler Anemometry and Particle Image Velocimetry, they are very difficult to apply in the measurement of flow features inside an opaque liquid metal. Because the molten metal is non-transparent, at high temperature and maybe flammable (e.g. magnesium alloys), it is infeasible or dangerous to place such experimental measurement equipment very close to the liquid that is being treated by HSP when operating the mixer. Therefore, computer modelling and simulation provide a very good alternative to calculate the related key features of melt flow during HSP.
Using computational fluid dynamics (CFD), computer simulation has been extensively employed in the prediction of flow features of metal processing, including such as casting [13] and welding [14, 15] . In comparison, CFD modelling of melt conditioning is relatively rare. The majority of this has been dedicated to the degassing processes taking place in the gas stirred ladle of liquid metals [16] [17] [18] . CFD modelling has been applied to precipitation processes occurring in a mechanically agitated tank [19] , in which a standard combination of baffle and impeller is used to agitate the fluid. However, the rotor-stator mixer that is used in HSP is such a closely coupled device [1, 20] that it is inherently different from such a baffleimpeller combination. The published CFD modelling that is most relevant to the HSP process of our interest is the work by Utomoa et al. [21, 22] , in which a variety of flow features were analysed in the 3D CFD modelling of treating water with a rotor-stator mixer [21, 22] .
However, respective results were only analysed along the radius of the mixer and there were no analyses of flow features through the depth of the tank. Moreover, the rotor-stator mixer that was employed in the research of [21, 22] is a type of commercially available mixer with major applications in food, cosmetics, chemical and pharmaceutical industries. The novel rotor-stator mixer that is employed in the HSP of liquid metal [1, 20] is a recently invented device. Its design is very different from that of the conventional mixer (e.g. those used in [21, 22] ). Taking the dramatic differences between the properties of liquid metal (e.g. liquid aluminium alloy) and those of water into account (e.g. in terms Weber number and Prandtl number), we have had to develop a new CFD model in order to understand and predict the flow features of interest in the case of treating liquid metal with HSP.
In this paper, we firstly specify the configuration of the experimental device and computational case study. Then we present the details of our computational model and 
where  is the density, t time, V velocity,  stress, p pressure and F the body force. The turbulence feature of fluid flow is taken into account by using the Realizable   k model [24] :
where k is the turbulence kinetic energy, ε the turbulent dissipation rate and t  the turbulent viscosity. The rest of the parameters are all in connection with the features of turbulence and can be found in [24] . In order to properly formulate the fluid flow near the rigid walls, the enhanced wall treatment [25] is employed here. It is valid to formulate the fluid flow features throughout the whole near-wall region (including the viscous sublayer, buffer region, and log-law region), across which the fluid flow can vary from fully laminar to fully turbulent.
The interface between the liquid metal and air is implicitly captured by the volume of fluid (VOF) method [26] :
where α is the volume fraction of the phase i in a control volume. By determining the volume fraction of all the phases (i=1,2 in the liquid-gas two phase system of this paper) in the control volumes using the transport equation of Eq.5, the scalar properties of control volumes that resolve the liquid-gas interface can be determined by using appropriate method of averaging (e.g. mass weighted average with regard to density). Therefore, only a single momentum equation (Eq.2) and a single continuity equation (Eq.1) have to be solved, which makes this method of two-phase fluid flow simulation computationally economical. In the computational results, all the variables (such as pressure and velocity etc.) are shared by all the phases. When calculating the flux of parameters of interest at the walls of the control volumes that represent the liquid-gas interface, the geometric reconstruction method [27] is used, which reconstructs the interface between fluids using a piecewise-linear approach based on the value and derivatives of the volume fraction α.
In the computation, the surface of the rotor, stator and static DC caster are all assumed to be rigid walls, at which the non-slip boundary condition of the fluids is assumed. The surface tension at the liquid-air interface is formulated by using the continuum surface force model [28] , which maps the surface force onto the control volumes that are near the liquid-air interface.
The rotor spins at high speed and it strongly agitates the fluid. The sliding mesh method [29] is employed in order to take the rotational movement of the impeller and its influence on the fluid flow into account. When applying the sliding mesh method, the mesh of fluid(s) zone is partitioned into multiple subzones, which share non-conformal interfaces. As the rigid walls of the rotor move, the corresponding subzones of the fluid (e.g. the fluid subzone that closely surrounds the rotor) correspondingly move in a rigid way (i.e. there is no deformation of the mesh). This method is believed to be a better method for formulating the model of fluid agitation by the close coupled rotor-stator mixer than the alternative method that moves the reference frame.
The overall simulation domain is discretized with tetrahedral mesh of adaptive resolution, in order to resolve the geometrical features of different sizes at different places of the domain.
The mesh size varies between around 0.1 mm and 5 mm. The overall governing equations are solved with the SIMPLE method [30] , in order to find the transient solution of the target problem. The size of the time step is 5×10 -4 s. The computation was implemented by using the FLUENT module of ANSYS, and the details of the related mathematical models and computation can be found in [29] . In the computation, the value of density and dynamic viscosity of the liquid aluminium alloy and the surface tension coefficient of the melt-air interface was employed as 2700 kg/m 3 [31] , 0.0027 Pa·s [32] and 0.87 N/s [33] respectively.
Simulation results

Net mass flow rate through the mixing head
We firstly analyzed the temporal evolution of the mass flow rate of the liquid metal through the stator holes; Fig 
Fluid agitation in the overall caster
In order to characterise how well the bulk liquid metal is agitated, we zoom out to the scale of the overall caster. Figure 7 illustrates the melt flow field in a central plane that is along the shaft of the rotor. The model predicted that, while the liquid melt is flowing at a very high speed inside the mixing head, it is very quickly and dramatically decelerated as soon as it shoots out of the mixing head through the stator holes. Because the circumferential and axial profile of the magnitude of the melt velocity is highly non-uniform, we sampled the maximum melt velocity along virtual surfaces of revolution, 20 mm high (starting from the bottom of the mixing head upwards), and of different diameters, near the mixing head and parallel to the shaft of the rotor, and used it as the representative velocity of the melt jets that shoot out of the mixing head. As shown in Fig.8 , the velocity of melt jets evolves from Fig.9 with Fig.8 , we conclude that only the melt in the close vicinity of the mixing head is well agitated by the mixer, and only that part below the third row of stator holes has a good chance to be redistributed via the mixing head. 
where  is the characteristic shear rate,  is the turbulence dissipation rate, and  is the kinematic viscosity of the melt. As shown in Fig.10 , in the overall caster, the value of viscosity ratio (ratio of the turbulent viscosity to the physical viscosity) is mostly above 20.
This means that the fluid flow in the whole caster falls in the regime of turbulent flow.
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60 mm 120 mm 16 Therefore, we use the turbulence dissipation rate and Eq.6 when computing the shear rate of the melt. The contours of turbulence dissipation rate that are shown in Fig.11 illustrate that values of turbulence dissipation rate are relatively high in the close vicinity of the mixing head (and particularly between the rotor and the stator) and the value in the far field of the bulk melt is relatively low. This means that we can only expect high level of shear rate in the close vicinity of the mixing head. If we sample the value of turbulence dissipation rate on a plane that is normal to the shaft of rotor along the third row of stator holes, as shown in Fig.12 , we can clearly see its radial and circumferential profile. Inside the mixing head (particularly inside the gap between the rotor and the stator and inside the stator holes), the level of the turbulence dissipation rate is relatively high. Outside the mixing head however, the level is quite low. Along the circumference of the mixing head, the circumferential profile of the turbulence dissipation rate follows the geometrical features of the stator (i.e. size and spacing of the holes in its wall) and the rotor (i.e. size and number of blades). Fig.13 show that, due to the closed coupled feature of the rotor-stator mixer, there is a high level of shear rate only inside the mixing head;
elsewhere the shear rate is relatively low. 
Experimental validation
In the experimental research of Jones et.al. [23] , HSP was employed in the treatment of molten AA6060 alloy in a static DC caster. The process parameters that were employed in the presented computer simulation were chosen to agree well with those that were used in the previous experiments [23] on commercially pure aluminium (alloy AA 60060). So the modelling results are directly relevant to those experimental findings.
The microstructure of the solidified alloy billet was characterised with optical metallography, and dramatic variation of the microstructure was found along the height of the billet. As shown in Fig.14 , near the bottom of the billet, the dendrites are coarse columnar dendrites parallel to the billet axis, which is followed by a second zone of columnar dendrites that tilt at an angle to the lower ones. Above the second zone of columnar dendrite, there is a zone of very refined equiaxed dendrites. Above the fine equiaxed dendrite zone, there is a second zone of coarser equiaxed dendrites. Jones et.al. [23] deduced qualitatively that it was the influence of melt flow features that caused such variation of microstructure along the height of the solidified billet, due to oxide fragmentation caused by melt shear. These oxides act as nucleating agents for Fe-based intermetallics and then primary aluminium. They placed the mixing device at a similar depth as that used in our simulations, switched it on and removed it from the crucible whilst the melt was still superheated. In order to quantitatively analyze the possible influence of melt flow features on the microstructure of the solidified billet via our computational model, when analysing the simulation results, we section the height of the melt with several virtual planes that are normal to the height of the caster. The maximum value of the characteristic shear rate and the area-averaged absolute value of the component of the melt velocity that is normal to these virtual planes are sampled. In the meanwhile the grain size was experimentally measured at the representative positions shown in Fig. 14 (a-d) . The variation of the maximum shear rate, average absolute velocity of the melt along the depth, and grain size of the solidified billet are illustrated in Fig.15 as a function of height relative to the bottom of the caster. This feature of fluid agitation means that only the melt that is in the close vicinity of the mixing head and below the third row of the holes will be well sheared by the mixer. This conclusion is positively supported, but not directly validated, by the microstructure of the solidified billet of the HSP treated molten alloy.
For full model validation we will have to include computational treatment of heat transfer during the process, grain nucleation and CET formation [34] , in order to link nucleation density and potency [35] to grain structure and grain size. This is beyond the scope of the current contribution. However we have already shown in a separate contribution [12] that there is a direct link between shear rate and oxide fragmentation in HSP. So, in theory, a high shear rate should lead to CET and formation of small eqiuaxed grains, as has been shown to be the case in Fig. 15 . We have not validated the current model yet, but rather we have highlighted confidence-building experimental evidence.
The computationally predicted features of the HSP of liquid metal with the rotor-stator mixer has a two-fold influence on its application. The positive aspect is that the performance of the mixer is not affected by the geometry (i.e. shape, volume, and relative position) of the container that holds the liquid metal. It makes the design and optimisation of the rotor-stator mixer independent of the environment in which it is going to be applied. For example, the level of shear rate and level of mass flow rate in the close vicinity of the mixing head do not significantly vary when treating either 50 kg or 200 kg of liquid metal. Therefore, the optimised rotor-stator is universal to the varying contexts of application to some extent.
However, a negative aspect is that is difficult to shear the liquid metal in the far field of the container effectively. Although the shear rate and mass flow rate in the close vicinity of the mixing head are not affected by changes in container size or shape, when treating a large volume of liquid metal with this rotor-stator mixer a significant part of the bulk liquid not effectively sheared. Due to the specific geometrical feature of the rotor-stator mixer, the inlet for liquid (i.e. the large opening at the bottom of the mixing head) and the outlet (i.e. the holes at the side of the stator) are very close to one another. This fact results directly in the highly localized strong recirculation of liquid as shown in Fig.9 , which is the key reason for the difficulty of agitating the melt deep in the caster.
Overall, HSP of liquid metal with the rotor-stator mixer can shear the liquid metal very well in the close vicinity of the mixing head. If it can be improved in order to effectively agitate a larger volume of liquid metal, it has great potential of application in the industrial scale treatment of molten alloys, for the purpose of purification.
